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Similar concerns arise over hybridization between native plants and genetically modified crops (16, 17) . Mathematical analyses have repeatedly shown that natural selection has a great impact on the probability and rate of introgression (16, (18) (19) (20) , and the joint effects of selection and dispersal must be understood to predict the movement of nonnative genes. The unsettling conclusions from this theory are that (i) advantageous alleles can overcome almost any barrier to gene flow, eventually becoming fixed throughout all available gene pools (19, 21) , and (ii) little can be predicted without specific information on the ecological and genetic determinants of fitness in a given system (22) . Thus, a critical question for invasion biology is whether rapid introgression (and consequent genetic transformation of native species) is likely to be common on spatial and temporal scales relevant to contemporary conservation planning.
When a hybrid invasion starts from a relatively small, localized introduction, most native alleles are expected to remain at high relative frequency when genetic differences are selectively neutral or native alleles are locally adapted (23, 24) . The limited existing data appear consistent with these predictions (23) . However, after the F 1 generation, recombination allows different loci to respond to different selection pressures and advantageous introduced alleles might spread rapidly into populations that continue to be recognized phenotypically as native (19) . Such patterns are unlikely to be detected with the small number of molecular markers typically available for nonmodel systems. Here, we survey a large number of molecular markers to assess the potential for heterogeneous introgression of invasive genes into a threatened native species and address some of the challenges raised for conservation when a protected taxon becomes genetically modified through hybridization.
In California, introduced Barred Tiger Salamanders (Ambystoma tigrinum mavortium, sometimes recognized as A. mavortium) hybridize with threatened native California Tiger Salamanders (A. californiense). Divergence of mtDNA sequences and allozymes are consistent with 3-10 my of isolation before the introductions, with geological evidence favoring a 3-5 my divergence (25, 26) Barred Tiger Salamanders were deliberately introduced into central California in 1940s and '50s because their large aquatic larvae ("waterdogs") are valued as live bait by bass fishermen (27, 28) . Barred Tiger Salamander larvae were imported primarily from Texas and New Mexico (9, 28) . Almost all of the introductions occurred in the northern Salinas Valley, where hundreds of larvae were released into multiple ponds (9) . Barred Tiger Salamanders were introduced because they have a longer larval period and reach a much larger laval size than native California Tiger Salamanders. The extended larval period of Barred Tiger Salamanders is plastic, with greatest expression in perennial ponds where some individuals forgo metamorphosis entirely to become sexually mature paedomorphs (29) .
Previous research has used putatively diagnostic molecular markers to document hybridization between the introduced and native lineages (28) . Drastic allele frequency differences imply greater invasion success in perennial ponds (artificially constructed for livestock and irrigation) relative to more natural seasonal ponds and vernal pools (9, 30) . Some hybrid genotypes have high fitness in the wild (31) , and laboratory experiments demonstrated that F 1 , backcross, and wild hybrids have higher growth rates than natives and higher rates of predation on native amphibians (6) . To whom correspondence should be addressed. E-mail: benfitz@utk.edu. 
Populations near the known introduction sites in the Salinas
Valley remain variable for native and introduced alleles (8, 9) . However, a few markers have become fixed for introduced alleles at five ecologically varible breeding sites that were examined in detail (8) . Here, we examine the spatial spread of introduced alleles by estimating allele frequencies in 44 breeding ponds along a geographic gradient extending over 200 km from the known introduction sites into the range of pure California Tiger Salamanders, and an additional 18 ponds on a small scale gradient within an intact patch of habitat ( Fig. 1 ). We used 68 single nucleotide markers diagnostic for native vs. introduced ancestry to quantify introgression (Methods).
Results and Discussion
Most markers (65 of 68) show an abrupt transition from a mixture of native and introduced alleles to pure native alleles in the vicinity of the most northerly known introduction site (Fig. 2) . The remaining three markers show very high frequencies of introduced alleles in ponds up to 94 km farther north, at which point they appear to shift to pure native (Fig. 2 ). These three markers (E6E11, E12C11, and E23C6) are unlinked and map to linkage groups 11, 14, and 4, respectively, in the Ambystoma mexicanum x tigrinum linkage map (32) . It is possible that these three exceptional markers are not diagnostic and we are mistakenly attributing a natural pattern of variation to introgression. We think this is unlikely for two reasons. First, in vetting our putatively diagnostic markers, we scored California Tiger Salamanders from throughout the native range (8); it would be a remarkable coincidence that native alleles identical in state to introduced alleles were fixed only in or adjacent to the region where introductions have been documented. Second, the geographical concordance and steepness of the clines exhibited by the three markers imply a shared, nonequilibrium history (see below).
Although any large sample of markers is expected to show variation in allele frequencies and distances of geographic spread, the pattern seen in these three markers is remarkable. Two lines of inference support the conclusion that these three exceptional markers have experienced a significantly faster rate of introgression than expected by chance alone. First, prior analysis of five breeding sites shows that the same three markers cause significant deviations from neutral expectations for the variance in allele frequencies within admixed populations, implying selection for fixation of introduced alleles at the local scale (8) . Second, the geographic distances in this study allowed us to evaluate whether the disparate spatial patterns illustrated in Fig. 2 can be explained as variants of a common stochastic process (described by dispersal and drift) or whether the additional influence of natural selection is likely.
To test whether the patterns for these three markers could be explained by sampling error, we used Akaike's information criterion (AIC) to compare the likelihoods of cline models where (i) all markers were constrained to have the same parameters, (ii) all were allowed to have independent parameters, and (iii) the most deviant markers were allowed to differ in average allele frequency and cline location by using partially constrained models (33) . The best fit was obtained by allowing four markers to have deviant parameters (Table S1, Model 2). Marker E12G5 had the lowest average frequency of introduced alleles in the hybrid region; however, this result does not appear extreme (Table S2 ). Red circles denote known or suspected introduction sites (9) . Fort Ord area is shown as a box, but individual localities are not shown (see Fig. 2 ). Red star indicates reference population for cline position distances. relative to the range of outcomes observed in neutral simulations (Fig. 3) . The other three markers (E6E11, E12C11, and E23C6) had the highest frequencies of introduced alleles, and introduced alleles of these markers were distinctly more widespread than introduced alleles of any other markers in the dataset (Fig. 2) . This analysis accounts for sampling variance, but not "evolutionary variance," owing to the real, stochastic nature of drift and dispersal (34) . To investigate the expected variation among single locus clines without selection, we performed stochastic simulations of a stepping stone model (35) of 100 demes in a linear array. We initialized the system by introducing a new allele to the first 20 demes at a frequency of 0.71 (based on field data; Table  S1 ) and simulating dispersal and drift in discrete time. These simulations demonstrate that independent neutral markers exhibit an abrupt and consistent drop to almost zero introduced alleles within a few steps of the introduction sites ( Fig. 3 A and B) . This concordant front persists for hundreds of generations and aberrant clines like those in Fig. 2 were never observed in tens of thousands of simulations (Figs. S1 and S2). For a wide range of population sizes, dispersal rates, and initial allele frequencies, it takes thousands of generations before the spatial distribution of alleles flattens out and different markers begin to show widely different patterns. Even then, the variance among markers is recognizable as a continuum (Fig. 3C) . In contrast, our data exhibit a clear discontinuity between the spatial patterns observed for most markers (which conform well to the drift/dispersal simulations-also see refs. 23 and 36) and the three rapidly introgressing markers.
To provide a smaller scale view of introgression between introduced and native tiger salamanders, we studied an additional 18 breeding ponds on Old Fort Ord Public Lands, a semi-isolated ≈40 km 2 patch of habitat just south of the Salinas River on Monterey Bay (Fig. 1 ). Toro Creek Pond is a suspected introduction site on Old Fort Ord where admixture was detected by using three markers (9) . Our analysis revealed patterns similar to those seen on the 200-km transect scale. For the same set of 65 markers, we found no evidence of introduced alleles outside of Toro Creek Pond (Fig. 4A ). Once again, markers E6E11 and E23C6 were fixed for introduced alleles throughout the 18 breeding ponds, whereas E12C11 was fixed at ponds adjacent to the introduction site and showed intermediate introduced allele frequencies in all other sites (Fig. 4) . These observations reinforce our inference that most introduced alleles have remained within the immediate vicinity of the introductions while a consistent set of three have introgressed into otherwise native populations.
The determinants of hybrid fitness in this system are complex, and we still lack a complete understanding of the fitness consequences of differential hybridization in the field. F 1 hybrids suffer high rates of embryonic mortality (8, 31) , but F 1 and later generation hybrids have high survival as larvae, high growth rates, and early onset of reproductive maturity relative to native California Tiger Salamanders (6, 8, 31) . These factors likely interact with habitat to affect relative fitness of various recombinant genotypes (6, 30) . The pattern documented here is not obviously tied to pond hydroperiod (the three introgressive alleles are fixed in both seasonal and perennial breeding ponds), and potential correlations with ecologically important phenotypes await future association studies.
The specific genetic and ecological causes of these extraordinary rates of introgression remain unknown. But the observation that three of 68 randomly selected genomic segments have been almost entirely replaced by introduced alleles over such broad geographic and short temporal scales has tremendous implications for management. First, our results provide critical empirical support for a prediction from population genetics theory (16, (18) (19) (20) : Natural selection can cause rapid changes in the distribution and abundance of introduced alleles not accounted for by rates of dispersal and outcrossing alone. Second, the pace of evolutionary change after introduction (under 60 years, in this case), and the fact that it might not be observed without extensive genetic analysis, implies that management of certain introduced genes will often be impossible once they are "out of the bottle" (16) .
Other studies of hybridization between native and introduced species have documented replacement of native gene pools by admixed or even predominantly introduced genotypes (4, 12, (37) (38) (39) (40) . Demographic imbalances between domestic and wild populations might create asymmetrical gene flow and deterministic spread of selectively neutral or even deleterious alleles (41) . Spread can also be enhanced by differences in dispersal behavior, as in the case of Rainbow Trout and Westslope Cutthroat Trout (42) , or hybrid vigor as in the case of the crayfish Orconectes rusticus and O. propinquus (39) . However, most studies have relied on a relatively small number of molecular markers that severely limits the statistical probability of detecting heterogeneous patterns of introgression among markers. Our observation of the spread of a few invasive alleles far beyond a more generally recognizable hybrid zone illustrates how the genetic influence of hybridization might be underestimated in many cases. Although rapid, selection-driven introgression might affect relatively few markers (and, therefore, be hard to detect), it could be common given the large genomes of most sexually reproducing organisms (43) .
With genomic heterogeneity of introgression, strict genetic criteria for protection might have unintended consequences. If all tiger salamanders containing the three introgressive alleles were classified as nonnative, then those animals and their habitat (hundreds of km 2 of prime California range land) would not qualify for protection under the US Endangered Species Act. By the same token, if we consider California Tiger Salamanders genetically extinct throughout this area, then the geographic range of the protected species would be reduced and the consequent increase in extinction risk might warrant a change from threatened to endangered status, carrying with it more restrictive land use practices (44) . We think these considerations make genetic purity an impractical conservation goal (not to mention the statistical challenge of evaluating "purity"; ref. 9). The genetic influence of introduced Barred Tiger Salamanders beyond the Salinas Valley is negligible for most markers, such that there remains a sharp distinction between mostly pure native populations and the admixed populations of the Salinas Valley. We feel that this demarcation should be one guide for assigning legal protection. Further, assessment of the conservation value of introgressed California Tiger Salamanders should be based on the phenotypic and ecological consequences of introgression. An appropriate conservation goal, in this and other cases of introduced × native introgression, might be to maximize ecological authenticity. That is, it would be better to protect individuals and populations that function like the native species, even if they are not genetically authentic, rather than to have no tiger salamanders present (7) . This idea is appropriate only if introgressed individuals do not have negative impacts on other community members (which would make them ecologically inauthentic). Future research should investigate potential associations between introgressing alleles and traits of ecological significance, particularly when a small number of highly selected alleles challenge the view of absolute genetic purity.
Methods
We captured tiger salamander larvae with two-person seines, clipped ≈1 cm of tissue from the end of each tail, took field Global Positioning System locality information, and released the animals immediately. We extracted DNA by using phenol-chloroform, amplified previously described sequences by using PCR, and scored single nucleotide markers on a Victor3 reader by using the FP-TDI system (8) . Markers were developed (8) by sequencing mapped EST markers sampled at ≈50 cM intervals based on ref. 32 . Candidate single nucleotide differences were identified in a panel of four California Tiger Salamanders (from Jepson Prairie, well outside the introgression zone) and four Barred Tiger Salamanders. Candidate markers were declared diagnostic if the single nucleotide differences were fixed in a larger sample of 20 California Tiger Salamanders from 10 ponds from throughout the native range and 12 Barred Tiger Salamanders from a known site of pure introduced animals (Lake County, CA) outside the native range of California Tiger Salamanders (8) . Detailed analysis of Hardy-Weinberg and linkage disequilbria in five ponds with large sample sizes is presented elsewhere (8) . Here, we focus entirely on estimates of allele frequencies based on 10-56 individuals per pond (Table S2) .
To quantify the relationship between spatial position and introduced allele frequency, we used nonlinear regression in R (www.r-project.org) to fit a sigmoid cline P X = L / [1 + exp(X − M)], where P X is the estimated frequency of introduced alleles at distance X, L is the average frequency of introduced alleles within the region of the introductions, and M is the inflection point of the cline. For X we used the straight-line distance in kilometers between each pond and the southernmost pond in the transect. This formulation assumes that the allele frequency approaches a zero asymptote when X >M and that the cline width is 1 km. When we attempted to estimate cline width, the algorithm did not converge because the likelihood plateaus as width approaches zero (i.e., all cline widths smaller than a few kilometers are equally likely, given the data). This likelhood plateau reflects the fact that the transition from admixed to essentially pure native populations is abrupt relative to the scale of interpond distances and it is impossible to sample at a fine enough grain to differentiate a step-cline from a very steep cline (9) . To illustrate that our results are not artifacts of the parametric model, we also fitted cubic splines to the data for each marker (Fig. 2C) .
To evaluate discordance among markers (33) , we compared the AIC of a constrained cline model where all markers were modeled to have the same L and the same M, an unconstrained model where L and M were estimated separately for each marker, and a set of partially constrained models where the three or four most deviant markers (4.4 and 5.9 percentiles, respectively) were allowed to have different parameters (Table S1 ).
We also explored the expected nonequilibrium spatial dynamics of selectively neutral alleles introduced into a previously occupied range using a stochastic stepping stone model (SI Text). Analytical theory (18, 20) and simulations (36) show that the expected change in position of a neutral cline is zero. The important question is whether a few deviant clines like those in Fig.  2A are likely to arise in the absence of selection. We simulated 100 demes in a stepping-stone pattern with dispersal between adjacent demes (each deme exchanges alleles with its two neighbors with probability m/2 per time step). The first 20 demes were initialized with an allele frequency of 0.71 (the average introduced allele frequency in the admixture zone) and the last 80 had zero introduced alleles. We simulated 10,000 independent loci for 60 time steps (the number of years since the initial introduction). We think years is the appropriate timescale for dispersal, but using generations (≈2-4 years, implying 15-30 time steps) does not change the results. Simulations were repeated for each of nine parameter combinations: diploid effective population sizes of 10, 25, and 50 per deme and dispersal probabilities of m = 0.10, 0.25, and 0.50 (interpond dispersal of California Tiger Salamanders averages less than m = 0.20; refs. 45 and 46) . For each of these 90,000 simulated datasets, we fitted the sigmoid model above. We then replicated the simulations and fitted cubic splines to the simulated data. We inspected fitted curves to evaluate the range of patterns when admixture is followed by dispersal and drift alone. For the parameter combination with the widest variance in cline position (m = 0.50 and n = 10), we also simulated 10,000 loci for 1,000 time steps to gain a broader perspective on the variance of outcomes when there has been greater opportunity for spread. Simulations were intended to bracket dispersal estimates for California Tiger Salamanders and provide a general assessment of how often neutral markers are fixed for introduced alleles at various distances (relative to the dispersal distance of the organism) at timescales relevant to biological invasions.
